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NJECTOR ELEME~T B 

IN  HYDROGEN-OXYGEN ROC 

by Ned P. Hannum, Louis Me Russell, David W. Vincent, and E. Wil 

Lewis Research Center 

SUMMARY 

An experimental investigation was conducted at the Lewis Research Center to learn 
more about how the specific details of a concentric tube injection element affect the 
screech characteristics of a hydrogen-oxygen rocket engine. The four variables inves- 
tigated were (1) impingement angle, (2) oxidizer tube blunt base thickness, (3) oxidizer 
tube recess and extension, and (4) oxidizer tube-annulus concentricity. Tests were 
made using a 27.34-centimeter- (10.77-in. ) diameter heat-sink combustor at nominally 
206x10 -N/m (300-psia) chamber pressure. All  of the test variables were investigated 
using a 157 element circular pattern injector. Additional oxidizer tube recess tests 
were made with a 421 element hexagonal pattern injector. Tests were conducted over 
the oxidant-fuel ratio range of 4 to 6. Stability evaluation for each configuration was 
made using the hydrogen temperature rating technique. Several element configurations 
were also cold flow tested using nitrogen and water a s  simulants. 

The element detail changes resulted in changes in hydrogen injector pressure drop 
even though the physical injection area was constant for all similar tests in both hot 
firing and cold flow tests. These changes in injector pressure drop produced changes 
in combustion stability. The data were correlated with a modified version of a previ- 
ously reported injection area ratio correlation. By interpreting changes in injector 
pressure drop as changes in injector hydrogen flow resistance, the data were compared 
with a hydrogen flow response stability model and were found to be in agreement. 
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As  evidenced by the extensive and costly development programs often required in 
achieving flight qualification, the rational design of injectors for new liquid bipropellant 
rocket engines remains a largely unfulfilled objective. This objective has nearly been 



attained in  certain instances; for example, with the large-scale concentric tube injector 

very stable combustion were attained with the first full-scale test configuration. For 
hydrogen-oxygen propellants and concentric-tube-type injector elements, substantial 
knowledge has been accumulated, and this information was fully exploited in  arriving at 
the M- 1 design configuration. Nevertheless, considerable judgment was required to 
bridge gaps in existing knowledge. In addition, certain detail design variables of poten- 
tial importance had to be chosen with little or  no information regarding their potential 
effects on stability and performance. This work was undertaken to resolve certain of 
these injector element design detail effects on stability. 

acteristics, the concentric-tube-type injector element was selected for an intensive and 
continuing study of screech at the Lewis Research Center using hydrogen-oxygen pro- 
pellants. Reference 2 is an interim summary report on this effort. Also, injector ele- 
ments of this type are presently used in flight engines such as the RL-10 and J-2, that 
use hydrogen-oxygen propellants. The major objective of the work reported herein is 
to provide design guidance relating the stability to variations in the injector element 
details believed to be significant. The experimental data are correlated with previously 
published stability data. The present data are also compared with a stability model 
proposed by Feiler and Heidmann in reference 3. Because of the significant role of 
injector flow coefficient c d  in determining the stability of a combustor, cold flow tests 
using nitrogen and water as propellant simulants were made and the data are compared 
with engine firing results. 

ranges indicated : 

- 1 engine program (ref. 1), reliminary Flight Rating Test performance and 

Because of its high performance, ease of fabrication, and uniform combustion char- 

The following element detail variables were investigated experimentally over the 

(1) Injector impingement angle, deg . . . . e e . . a . e e . . e 0 to 45 
idizer tube blunt base thickness, cm (in. ) . . . e e . . . . 0.0349 to 0.173 

(0.01375 to 0.06800) 
idizer tube recess and extension, cm (in.) e a . . . . . 1.27 (recess) to 

3.18 (extension) (0.5 to 1.25) 
(4) Oxidizer tube eccentricity 
The tests were conducted using a 0.274-meter (10.77-in. ) diameter heat-sink com- 

6 2 bustor at a nominal chamber pressure of 2.06x10 N/m (300 psia), resulting in a thrust 
level of about 89 000 newtons (20 000 lb). The high frequency combustion instability 
(screech) characteristics were determined using the hydrogen temperature ramping 
technique discussed in reference 4. 
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Test Facility 

The investigation was conducted at the Lewis Research Center Rocket Engine Test 
Facility. This is a 220 000-newton (50 000 lb) sea-level rocket test stand equipped with 
an exhaust gas muffler and scrubber. The rocket engines were mounted on a thrust 
stand to fire vertically into the scrubber. The facility used pressurized propellant stor- 
age tanks to supply the propellants to the rocket engine. 

of the hydrogen to the engine was located in  the section of line just downstream of the 
liquid hydrogen and gaseous hydrogen engine fire valves. 

The engine test stand is shown in figure 1. A mixing tube to vary the temperature 

Engine 

The rocket engine (fig. 2) was comprised of an injector, a cylindrical 0.274-meter 
(10.77-in. ) inside diameter heat-sink-type thrust chamber 0.432 meter (17 in. ) long, 
and a convergent-divergent heat-sink exhaust nozzle. The nozzle had a throat area of 
0.0309 square meter (47.91 s q  in. ) and a contraction ratio of 1.89. The expansion ratio 
was 1.3. The inner surfaces of the combustion chamber and exhaust nozzle were coated 
with 0.772 millimeter (0.030 in. ) of flame-sprayed zirconium oxide to reduce the heat 
transfer to the metal. The thrust chambers could be operated for 3 seconds without 
damage. This run duration was adequate to obtain the desired test results. 

Injectors 

The injectors used in this investigation were of the concentric-tube-type with each 
element consisting of a central oxidizer tube surrounded by a concentric hydrogen an- 
nulus. A basic 157 element circular pattern injector was used to evaluate effects of the 
(1) impingement angle, (2) oxidizer tube blunt base thickness, (3) oxidizer tube recess 
and extensions, and (4) element concentricity. Configuration changes were accomplished 
by installing sets of removable injector elements into standard injector bodies. Addi- 
tional oxidizer tube recess tests were made using a 421 element hexagonal pattern in- 
jector. Faceplate view photographs of the two injectors are shown in figure 3 and dimen- 
sioned sketches of the various injector elements are shown in figure 4. These injector 
details will be discussed in a later section. 
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Hydrogen Temperature Control 

The hydrogen temperature ramp used to determine the screech limits was accom- 
plished by varying the proportions of 263 K (50' R) liquid hydrogen and ambient temper- 
ature gaseous hydrogen in the mixing tube while maintaining a constant total flow rate. 
Mixing was accomplished by swirling the liquid into the gaseous hydrogen stream. The 
mixing section was 4 feet long and was located just upstream of the injector. The con- 
stant oxidant-fuel ratio was maintained by an automatic controller. 

Test Control 

Three set point inputs were required for the automatic controller - chamber pres- 
sure, oxidant-fuel ratio, and temperature ramp rate. The oxidizer flow rate was con- 
trolled by a closed loop system which sensed the chamber pressure. The liquid hydro- 
gen and gaseous hydrogen flow rates were summed and the total was controlled by 
adjusting the liquid hydrogen flow rate to satisfy the oxidant-fuel ratio. The gaseous 
hydrogen flow rate was controlled by a closed loop system which sensed the temperature 
ramp rate selection. 

Cold Flow Apparatus 

The cold flow apparatus consisted of a one-element injector section which discharg- 
ed into a pressure chamber. The element was mounted to flow the water and nitrogen 
simulants vertically downward. Plastic windows in the chamber permitted observation 
of the simulated propellant injection behavior. Valves and pressure regulators in the 
supply lines were used for varying flows. The tank was equipped with back pressure 
regulators to maintain the preset simulated chamber pressure. 

Hot Firing Instrumentation 

Location of the various transducers and the associated engine plumbing are shown 
by the schematic diagram of figure 5. Except for the high-frequency pressure response 
types, the transducer signals were transmitted to an automatic digital data recording 
system. To allow identification of the screech mode and to determine the character and 
phase relations of the pressure field, piezoelectric-type, water-cooled, flush mounted 
pressure transducers were used. The amplitude response characteristics of the trans- 
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ducers as installed are flat to within 10 percent up to a frequency of 6000 hertz and have 
a nominal resonant frequency of 130 000 hertz. The high-frequency signals were re- 
corded on magnetic tape in analog form and were also displayed on direct reading in- 
struments in the control room for visual monitoring during the tests. 

The liquid oxygen flow rate was determined with a calibrated turbine-type flowmeter. 
The liquid hydrogen flow rate was measured using a venturi submerged in the supply 
tank and the gaseous hydrogen flow rate was measured using an orifice plate. The liquid 
propellant temperatures were measured with the platinum resistance-type sensors 
described in reference 5. The hydrogen injection temperature was measured using four 
carbon resistance-type probes (ref. 6) installed as shown in figure 2. The pressure and 
temperature systems were calibrated immediately prior to data acquisition by an elec- 
trical two-step calibration system which used resistances in an electrical circuit to 
simulate given conditions a 

Cold Flow Instrumentation 

The cold flow r ig  instrumentation consisted of strain gage pressure transducers, 
two turbine water flowmeters, and a venturi for measuring nitrogen flow. Data were 
recorded on a photographic-paper-type oscillograph. A two-step calibration was made 
before and after each test. 

PROCEDURE 

In reference 4, it was established that decreasing the hydrogen injection tempera- 
ture could lead to unstable combustion in hydrogen-oxygen engines and that the hydrogen 
temperature at which instability occurred was a good indicator of the sensitivity of the 
engine to screech. The hydrogen temperature at which combustion instability occurred, 
called the transition temperature, is therefore a convenient parameter for determining 
the relative stability of various engine configurations and was used in the present inves- 
tigation. Lower transition temperatures indicate increased stability. A temperature 
ramping technique was employed to determine the transition temperature a 

Temperature ramping rates up to 26 K per second (50' R/sec) were possible with 
only small variations in the oxidant-fuel ratio. If by the initial ramping technique the 
configuration was stable to the minimum hydrogen temperature available with the facility, 
subsequent runs were made using only the liquid hydrogen at approximately 28 

peratures by making several runs at essentially constant temperature and analyzing the 
The combustion performance was determined for a range of hydrogen injection tem- 
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data obtained at the end of the steady-state period just prior to shutdown. 
Engine ignition was accomplished after hydrogen flow was established by injecting 

a small amount of fluorine into the oxidizer line immediately upstream of the injector 
simultaneously with actuation of the oxidizer engine valve. Tests were conducted over 
an oxidant-fuel range of 4 to 6. 

of the instantaneous mass flow of hydrogen from the injector. Because of the large 
change in hydrogen density with temperature, a significant mass of hydrogen was ac- 
cumulated in the mixing tube during the temperature ramp. As a result, the instantane- 
ous oxidant-fuel ratios of the injector varied from the mean set value for those runs 
using the temperature ramp technique. 

Although the facility was equipped with a thrust measuring system, the measure- 
ments obtained were not considered sufficiently accurate to present. The characteristic 
exhaust velocity C* based on the chamber pressure was used instead to compare the 
performance of the various injectors. The chamber pressure was corrected for the 
momentum pressure loss by the method of Huff, Fortini, and Gordon in reference 7. 
The characteristic exhaust velocity efficiency qC* was based on the theoretical value 
for equilibrium expansion obtained from the calculations of Gordon and McBride in ref- 
erence 8.  Engine performance data are considered to be accurate to within *2 percent. 

gen gas to simulate hydrogen, and water to simulate liquid oxygen. During the cold 
flow tests, both the nitrogen and water were flowed simultaneously. These tests were 
made to isolate the strictly hydraulic effects and then observe whether or not the same 
trends occur as in the hot firing tests. 

The cold flow tests were conducted by setting a desired nitrogen tank pressure and 
water flow. The injector nitrogen valve was then opened in steps to obtain steady flow 
and pressure data. The tank pressure remained constant throughout the nitrogen flow 
excursion e 

The temperature ramping technique made it difficult to determine an accurate value 

Cold flow tests were performed on single elements using ambient temperature nitro- 

RESULTS AND DISCUSSION 

The following discussion presents the experimental injector pressure drop results 
from water flow tests along with actual hot firing test results for each of the variables 
investigated. Some of the hot firing results are comelated with an existing theoretical 
response factor model and a re  presented in a later section to provide a possible explana- 
tion for the effects obtained. All  of the hot firing data are tabulated in table I and sum- 
marized in table 11. The cold flow data are shown in table D[I, Inputs to the response 
factor model are shown in table IV. 
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Effect of Impingement Angle 

In the study reported in reference 9, screech results from three different organiza- 
tions were examined and compared with the Crocco stability theory. In all three cases, 
concentric tube elements were used with hydrogen-oxygen propellants. Only limited 
success was achieved in relating these results, quite possibly because of the variation 
of impingement angles (0' to 20') in the data set. Thus, it appeased that impingement 
angle had an effect on screech characteristics, but due to other variables, cross com- 
parisons could not be used to isolate the effect. In view of the need to resolve this 
question, a short series of tests were conducted using injectors with impingement angles 
of Oo, 15O, 30°, and 45'. All  other variables (such as injection area ratio, element 
size, base thickness, and element spacing) were held constant. A detailed sketch of the 
elements used in the angle tests is shown in figure 4(a). The elements used for 0' im- 
pingement angle are  the same as shown in figure 4(b) (standard base thickness). 

The effects on the screech limit are  shown in figure 6 where each of the data points 
represent transition into screech as the hydrogen injection temperature was ramped 
downward from higher (stable) levels. These data, tabulated in table 11, were obtained 
at an oxidant-fuel ratio of 5.0 from cross plots of the data in table I. 

As shown in figure 6(a), the stability limit is lowered 16 K (30' R) (stability in- 
creased) over the range of 0' to 45' impingement angle, thus illustrating the stabilizing 
effect of increased impingement. 

By the method of testing, as the hydrogen temperature is lowered toward the 
screech limit, the density, of course, is being increased. At constant flow rate, hy- 
drogen injection pressure drop decreases as density increases (refer to table I). This 
indicates that there may be a relation between injection A P  and stability, implying the 
higher the injection AP,  the more stable an injector will be. This will be discussed 
further in a later section on response factors. 

The relation between impingement angle and injector flow coefficient is also pre- 
sented along with the apparent effect on stability. The hot-firing information is shown 
in figure 6(b) where it is seen that hydrogen injector flow coefficient c d  decreases with 
increasing impingement angle. This reduction in effective flow area also means higher 
pressure drop across injector elements and thus higher hydrogen injector manifold 
pressure. For weight and pumping considerations, it is desirable to maintain supply 
pressure to the injector manifold as  low as possible. Therefore, a designer may well 
be forced to compromise between the beneficial effects that increased impingement angle 
have on stability and the weight penalty which may be imposed because of the accom- 
panying increased injector pressure drop. The use of high impingement angles may also 
present a fabrication difficulty. The difficulty arises from the fact that large injection 
angles allow very little margin of error  in positioning each injector element. A very 
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slight difference in axial position of an oxidizer tube produces a relatively large change 
in hydrogen injection area which, of course, affects injector pressure drop. It would, 
therefore, be necessary to exercise extreme care in assuring proper axial position of 
each element. 

efficient with increasing injection angle over the range investigated. This is not sur- 
prising since there was no physical change made to the oxygen flow passage. The only 
effect of injection angle on oxygen c d  would be the slight differences in the effect of the 
hydrogen stream impinging upon the oxygen stream. 

The results of the cold flow simulation tests for impingement angle effects are  
shown in figure 6(d). The trend shown here is the same as that indicated in the hot 
firing case, with nitrogen c d  decreasing with increasing impingement angle as did 
hydrogen cd" cd's were all based on a nitrogen flow rate of 27.25 grams per second 
(0.06 lb/sec). The rate of 27.25 grams per second (0.06 lb/sec) is nominally the mass 
flow rate per element of hydrogen through the 157 element injectors used in hot firings. 

There was very little change in water c d  over the range of injection angles inves- 
tigated as seen in table III. This trend agrees well with hot firing liquid oxygen cd's. 

Flow coefficients for both hot firing tests and cold flow simulation tests were cal- 
culated using the following flow equation: 

As may be seen from figure 6(b), there is only a slight decrease in oxygen flow co- 

where 

w fluid weight flow, kg/sec 

A flow area, m 

p fluid density, kg/m 

2 

3 

2 injector pressure drop, N/m 

For each run, w and AP were measured, and the p used was the density corre- 
sponding to  the temperature of the particular fluid involved. In hot firings, the condi- 
tions were taken at the instant before transition to screech. 

configuration is given in table 
transition points are included in the averages. Averaging cd's calculated from several 
different runs is justified because Cd should be the same for any particular element 
configuration regardless of flow rate (O/F) as long a s  the Reynolds number is constant. 
In this program, hydrogen injection Reynolds number was always above 2 000 000 and 

The c d  for each individual run is shown in table I and the average c d  for each 
e Only Cd'S calculated from the data taken just before 
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oxygen injection Reynolds number was always above 350 000. At these high values of 
Reynolds number, reference 10 indicates that cd does not vary with Reynolds number. 

Characteristic exhaust velocity efficiency based on chamber pressure is shown in 
figure 6(d) for each of the four injection angles tested. Within the accuracy of the meas- 
urement system, there appears to be no effect of injection angle on performance. Thus, 
it is seen that increased injection angle may be used to improve stability provided that 
the increased injector pressure drop is tolerable. 

Effect of Oxidizer Tube Blunt Base Thickness 

Careful reconsideration of a large matrix of configurations reported in reference 1 
and also 5-2 experience led to a suspicion that the blunt base width of the oxidizer tubes 
(uncontrolled prior to this time) might also play a significant role in stability. Since 
the previous configurations did not allow isolation of this variable, a series of three 
configurations was built and evaluated with the oxidizer tube base width varied from 
0.0349 centimeter (0.01375 in. ) (minimum wall thickness for pressure load) to  
0.173 centimeter (0.06800 in. ) (fig. 4(b)). All other factors known to influence stability, 
such as hydrogen injection area, were held constant. 

tube base width for operation at a mixture ratio of 5.0 (cross plotted). It is seen that 
the screech limit was changed slightly by the base width. The least stable configuration 
occurred at the intermediate width. 

hydrogen orifice dimension to provide a constant injection area with each different ox- 
idizer tube base thickness tested. The entrance orifice (hydrogen) was the same for all 
configurations. The final orifice has the same area for all configurations but different 
shapes, thus the flow passages were somewhat different in  each case. The question 
remains as to whether the stability changes mentioned previously were due entirely to 
the changes in  oxidizer-tube blunt base area or  to changes in the flow characteristics 
of the hydrogen injector. The significance of the latter possibility will be emphasized in 
an instability theory to  be discussed later. 

The effect of base thickness on injector c d  is illustrated in figure 7(b) for the hot 
firings. Of the three thicknesses tested, the intermediate o r  standard thickness gave 
the highest CdsS for both hydrogen and oxygen. Of course, the intermediate thickness 
was also the least stable as previously mentioned. This is consistent with the results 
found with impingement angle variation which indicated that low Cd (higher pressure 
drop) produces greater stability. 

Hydrogen transition temperature is shown in figure 7(a) as a function of oxidizer 

Figure 4(b) shows that the configuration changes were made by altering the final 

The results of cold flow simulation tests are tabulated in table . Bothnitrogen 
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and water Cd's were constant for a11 base thicknesses tested. The contrast with hot 
firing results indicates that the effects of base thickness on Cd are not the simple hy- 
draulic effects as observed with impingement angle data and, therefore, may not corre- 
late with the other element detail data. 

Combustion efficiency at a mixture ratio of 5 . 0  is shown in figure 7(c) for each con- 
figuration and indicates that oxidizer tube base thickness has little effect on performance 
over the range tested. The blunt area of such oxidizer tubes, however, is not well 
cooled and, although no metal erosion was found with these injectors, erosion damage 
would seem probable with increasing blunt base thickness, particularly at higher cham- 
ber pressures. From these data then, the preferred approach would be to make the 
blunt base as thin as is structurally possible. 

Effects of Oxidizer Tube Recess and/or Extension 

During the development program on the J-2 engine, it was found that recessing the 
oxidizer tubes below the surface of the faceplate improved engine combustion stability. 
To confirm this finding with much finer elements, a single value of recess 0.254 centi- 
meter (0 .10 in. ) was evaluated at Lewis Research Center and again found to be effective 
in improving the screech limit (ref. 4). These previous data, however, provided no 
information regarding the optimum amount of recess for screech suppression. Accord- 
ingly, tests were run with injectors having nominal thrust per element of 22.7 and 
59 kilograms (50 and 130 lb) for several values of tube recess. Figure 4(c) shows the 
dimensional detail of the 421 element injector elements used in the tests. The test re- 
sults are given in figure 8. A s  the tubes were recessed from the flush condition, the 
hydrogen transition temperature decreased sharply (improved stability) with initial re- 
cess of approximately six tube diameters; after that, the temperature decreased more 
gradually (fig. 8(a)). At the maximum recess,  1 .27  centimeters (0.5 in. ), the configu- 
ration was  stable with the minimum hydrogen injection temperature possible in the facil- 
ity (29 K o r  54' R). 

The effect of oxidizer tube recess on Cd for hot firings of the fine element injector 
is shown in figure 8(b). A reduction in hydrogen Cd with oxygen tube recess is readily 
seen. Again, more stable operation coincides with low hydrogen Cd" There is only a 
slight reduction in oxygen Cd with increasing recess. 

Oxygen tube extension effects were not investigated with this fine element injector. 
Cold flow tests also were not performed on the fine element injector, neither for recess  
nor extension. 

Performance (fig. 8(c)) is seen to increase slightly with the initial recess to 
0.254 centimeter (0.10 in. ) and thereafter decrease as recess was increased further. 

10 



Thus, it is seen that for this injector family, most of the benefit was obtained with 
0.238 centimeter (0.094 in. ) recess. This amount of recess corresponds to approxi- 
mately two tube internal diameters. However, recess depths to 1.27 centimeters 
(0.5 in. ) could be used if stability was paramount and performance losses were tolerable. 

were run both with recess and with the oxidizer tubes extended beyond the face of the 
injector into the combustion chamber. The rationale for extension was that, if  simply 
increasing the temperature of the hydrogen prior to combustion was stabilizing, maybe 
this could be accomplished by allowing the fuel to be heated in the combustion chamber 
before encountering the oxidizer e The delayed mixing could be caused by extending the 
oxidizer tubes into the _combustion chamber. Details of these elements a re  shown in 
figure 4(d). The data on the tube extension were obtained to extend the data of refer- 
ence 11 for a single value of 3.18 centimeters (1.25 in. ), where it was found that stabil- 
ity was improved but at the expense of reduced performance. 

Results for both recess and extension a re  shown on the same plot in figure 9(a). 
The conventional (flush) configuration encountered screech as the hydrogen temperature 
was reduced below 58.3 K (111' R). When the oxidizer tubes were recessed, the trans- 
ition temperature decreased (stability improved) until at a recess of 0.888 centimeters 
(0.35 in. ), a stable operation at minimum temperature was found. The amount of re- 
cess corresponding to stable operation is approximately six tube diameters. These 
stability results are similar to those for the finer elements of figure 8, but the shape of 
the curve was opposite in that the most rapid improvement was near the point of maxi- 
mum recess in the coarse element case. From these data and the 5-2 results, it may 
be concluded that recess may be used to improve combustion stability significantly for 
concentric tube elements between'22. 7 and 83.7 kilograms (50 and 380 lb) of thrust per 
element, but the optimum recess for required stability and performance may depend 
upon element size. 

(0.75 in. ) decreased stability (fig. 9(a)). However, a marked change in the character of 
the combustion apparently occurred when the tubes were extended further to 3.18 centi- 
meters (1.25 in. ). From a screech standpoint, the longest configuration was stable at 
minimum hydrogen temperature (about 29 K or 55' R). There was, however, some low 
frequency instability (chugging, 200 to 300 Hz) and the combustion was generally rough. 
Also, there was a reduction in combustion efficiency which will be discussed later. 

The effects of oxidizer tube recess and extension on Cd for hot firings of the 
coarse element injector are  shown in figure 9(b). A drastic reduction in flow coeffi- 
cients with increasing recess can be readily seen, particularly in the hydrogen case. 
Hydrogen Cd'S as low a s  0.3 resulted, The same figure shows that there was no vari- 
ation in either hydrogen or oxygen @d with increasing oxygen tube extension over the 
range investigated. 

As  noted earlier, the larger injector elements (157 elements at 0' impinging angle) 

Continuing beyond the flush configuration, tube extension up to 1.904 centimeters 
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For cold flow tests of this injector configuration, nitrogen (fuel) Cd is shown in 
figure 9(c) to increase with increasing oxidizer tube recess. This is contrary to the 
trend observed with hot firing tests. Only one oxygen tube extension was tested in cold 
flow tests, that of 0.635 centimeter (0.25 in. ). Figure 9(c) shows that this resulted in 
a decrease in nitrogen Cd" This result also differs from the hot firing case. Evidently, 
the effects of tube recess and extension on both Cd and stability a re  combustion re- 
lated. 

A possible explanation is offered for this difference in behavior between the cold 
flow and hot firing tests. In the cold flow case, it could be that some of the gas (nitro- 
gen) emerging through the annulus is entrained into the liquid (water) stream. This 
ejection by the oxygen stream, which is relatively undisturbed in the recess cavity, 
would reduce the hydrogen injection pressure drop (an apparent increase in Cd)* In the 
hot firing case, this effect appears to be counteracted by some stronger effect. It may 
be that the heat from the injector element walls (and/or faceplate) warms and expands 
the hydrogen gas in the recess cavity, thus reducing the density and increasing injection 
pressure drop producing an apparent decrease in cd" 

The 157 element data were much like the 42 element injector e Recessing the oxi- 
dizer tubes approximately two diameters improved combustion performance (fig. 9(d)). 
Contrary to the 421 element results, however, the performance remained constant as 
the recess was further increased. 

Going the other way to tube extension, there was an initial step increase in qC* 
from 93 percent for the flush tubes to 97 percent for a 0.635-centimeter (0.25-in. ) ex- 
tension. Performance then showed a slight decrease with further extension to 

(1.25 in.) ( stable point), there was a significant drop in qC* (about 8 percent). This 
decrease in performance may be the result of two combined effects - the tube extension 
and the lower hydrogen injection temperature. Reference 12 indicated that combustion 
performance generally decreases with decreasing fuel temperatures for hydrogen oxy- 
gen engines. Although data are  not available at higher hydrogen injection temperatures, 
performance would be expected to be higher than the value reported in figure 9(d) corre- 

ng to the cold transition temperature. 
hus, the overall characteristics of the engine using an extended tube injector indi- 

.904 centimeters (0.75 in. ). However, a s  the tubes were extended to 3.18 centimeters 

cate that there is no value of tube extension that could be used to advantage. 

Effect of Element Tube Concentricity 

The question has frequently been posed as to the effect of manufacturing inaccur- 
acies on combustion stability, particularly with fine injector elements With concentric 
tube injectors, the question of oxidizer tube concentricity within the hydrogen annuli was 



of particular interest owing to the elaborate machine work required to ensure that the 
tubes would initially be concentric and remain s o  during firing. To supply a gross an- 
swer to this question, two injectors were constructed which were identical except for 
spacers used to force concentricity in one injector (fig. 4(e)). Significant random ec- 
centricity in manufacture was present in the other injector (fig. 4(f)). 

Results in terms of screech limit and performance are given in figure 10. It is 
seen in figure 1O(b) that hydrogen Cd for the concentric elements are lower than those 
for the random case. This was probably caused by a slight, unavoidable obstruction 
created by the presence of the concentricity assurance washers (see fig. 4(g)). Since 
lower Cd's mean higher injector pressure drops which, in turn, produce greater sta- 
bility, it would be expected that figure lO(a) would show greater stability for the more 
concentric elements. However, within the precision of the test techniques, it is diffi- 
cult to discern any appreciable effect of concentricity on stability from figure 1O(a), 
This configuration series, therefore, produced data slightly anomalous to the correla- 
tion of Cd changes with stability. 

Figure lO(c) also shows no appreciable effect of assured concentricity on perform- 
ance * Accordingly, there is insufficient evidence to justify extreme measures to ensure 
precise concentricity of straight tube concentric elements with gaseous hydrogen liquid 
oxygen propellants. 

Discharge Coefficient as a Correlation Parameter 

The implication of the present data has been that for the same injection area ratio 
and thrust per element, changes ih element detail produce changes in fuel flow coeffi- 
cients which result in an alteration of the high-frequency stability limits. Hn figure 11, 
the data from all tests (except oxidizer tube extension) are presented in terms of fuel 
injection pressure drop and fuel injection temperature at transition to instability. The 
two stable tests a re  also shown at the lowest temperature tested. 

The 421 element ser ies  indicates that the changes in  element detail (oxidizer tube 
recess series) produced adjustments in the pressure-temperature schedule (via changes 
in e,) in such a way that all three transitions occurred at about the same fuel injection 
A P  but at quite different fuel injection temperatures. At the lowest temperature possi- 
ble for testing, the A P  was well above the minimum for stability with 1.27 centimeters 
(0.5 in. ) recess. 

as clearly. The injection angle and oxidizer tube recess data are within -+IO percent of 
a constant value of 406 790.67 N/m (59 psi) for fuel injection AP-  The blunt oxidizer 
tube and the concentricity assurance washer configurations fall outside of this band and, 
consequently, are not presented. But as mentioned in earlier sections, the stability of 

The 157 element data do not indicate this same critical A P  characteristic quite 

2 
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these configurations did not correlate well with simply hydraulic considerations e The 
A P  for the stable 157 element point was well above the critical value at the lowest tem- 
perature possible for testing. 

Modified Definition of Injection Area Ratio as a Correlating Parameter 

Direct comparison of two sets of data with 15O, 421 element injectors is now pos- 
sible. In reference 4, hydrogen-to-oxygen injection area ratio changes were made by 
physically changing the injection areas while in the present results, effective area ratio 
changes were made by changing only the element details. Both the present data and 
those of reference 4 indicate that decreasing effective injection area ratio (computed 
using measured areas multiplied by Cd's) improves stability. The flush configurations 
from reference 4 may be superimposed on the present data by applying a discharge coef- 
ficient to fuel injection area. Even after modifying the definition of area, the recessed 
points do not precisely f i t  the reference 4 correlation indicating that the effect of recess  
on stability may not be completely described as a change in effective flow area. 

Correlation with Response Factor Model 

In seeking to explain the experimental results, the data were examined for concur- 
rence with a response-factor model proposed in reference 3. It was shown that for cer- 
tain values of flow resistance (injector pressure drop), the hydrogen flow rate can re- 
spond to high-frequency pressure oscillations in the combustor, thus providing a 
coupling which can drive screech much like the accepted mechanism for chugging. The 
model envisions a series of weighted response factors which may be either driving or 
damping. Positive factors are driving and negative factors are damping. Neutral sta- 
bility occurs when the summation of all response factors is zero. For simplicity in the 
analysis, only three terms are  considered; response of the hydrogen, response of the 
oxygen, and response of the exhaust nozzle. In using the response model to correlate 
the present data, both oxygen and nozzle response have been assumed to be insensitive 
to the hardware and engine parameters varied in this program. Support for this as- 
sumption can be found in references 13 and 14. Therefore, by evaluating the hydrogen 
response factor for each configuration, stability may be inferred. 

Hydrogen response factor is plotted in figure 12 as a function of hydrogen density 
(and temperature) for the series of tests where impingement angle was varied. Four 
curves are shown in figure 12, one for each impingement angle. These curves were 
derived analytically from equations (20), (24), and (25) in reference 3 using the 
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constants listed in table IV. The effect of impingement angle is accommodated in the 
response model by redefining the flow area term. Instead of using the measured area 

an effective area Aeff was determined using the discharge coefficients pre- Ameas 
sented earlier where 

The effective areas are keyed with the symbols on figure 12. When the symbols are 
superimposed upon their respective curves at the measured hydrogen transition temper- 
ature, it is seen that an almost constant value of response factor of about 0.9 is indi- 
cated. The constant value of hydrogen response factor is consistent with the assumption 
that the other system responses (i. e., oxygen and nozzle) are insensitive to the injection 
element variables investigated. 

It is interesting to look at these curves in light of the mode of operation, that is, 
ramping hydrogen temperature downwards or density upwards through the screech limit. 
Starting at the left of the zero angle curve of figure 12, for example, it is seen that as 
we move to the right (density ramp upwards), we get increasing positive values of re- 
spor.se factor until we reach the value of 0.9 at the transition density. For this config- 
uration, a response factor above 0.9 represents instability. Since higher densities pro- 
duce lower injection pressure drops (flow resistance), the relation between low pressure 
drop and instability is seen. Referring to figure 12, it appears that increasing impinge- 
ment angle from 0’ to 45’ decreases the effective flow area of the hydrogen annulus and 
increases the flow resistance which results in greater stability. 

In a similar fashion, the effects of recessing on the 157 element injector are illus- 
trated in figure 13. The three transition points occur at about the same level of re- 
sponse factor (0.8 to 1.0). The maximum recess  configuration never reached this re- 
quired level and accordingly did not screech. Here again, the mechanism appears to  be 
a reduction in effective area (due to the recess  in this case) with a concomitant change 
in element flow resistance, These data again seem consistent with the response factor 
model. No attempt was made to correlate the data on tube extension because the con- 
stant c d  indicated for the five different extensions make the response model insensitive 
to these configuration changes. 

The effects of varying the oxidizer tube base thickness of the coarse element injec- 
tor is illustrated in figure 14. The three transition points are shown to occur within the 
range 0.9 to 1.2. 

same way, and results are given in figure 15. Here, the required response factor for 
screech was again constant around 1.1. At maximum recess of 1.27 centimeters 
(0.5 in, ) 9  stability is predicted by the model and verified experimentally. 

Finally, the data on tube recess  with the 421 fine elements was examined in the 
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As mentioned previously, fuel injection A as a correlating parameter seemed to 
be useful for a particular thrust per element but was not useful in predicting the stability 
with a previously untested element size. Similarly, the injection area ratio correlation 
has inherently the same problem even though it has the added advantage of doing a fair 
job of predicting stability for both real and effective fuel injection area changes. Pre- 
sented in figure 16 are the fuel system response values for all the present data, except 
the oxidizer tube extension, superimposed on a single plot at the respective transition 
densities. Data representing a thrust-per-element range of from 22.7 to 59 kilograms 
(50 to 130 lb), injection angles of from 0' to 45O, oxidizer tube recess up to 1.27 centi- 
meters (0.5 in. ), oxidizer tube base thickness from 0.0349 to 0.173 centimeter (0.01375 
to 0.06800 in. ) and elements with random concentricity and with assured concentricity 
are correlated with a single value of fuel system response factor of 1.0 *20 percent with 
the two stable configurations being well outside of the band of unstable points. Assuming 
similar values of response for other systems (i. e. oxidizer, nozzle, friction, aerody- 
namics, etc. ) 9  the stability of a hydrogen-oxygen engine should be, therefore, predict- 
able * 

An experimental investigation was conducted at the Lewis Research Center to learn 
more about how the specific details of a concentric tube injection element affect the 
screech characteristics of a hydrogen-oxygen rocket engine. The four variables inves- 
tigated were (1) impingement angle, (2) oxidizer tube blunt base thickness, (3) oxidizer 
tube recess and extension, and (4) oxidizer tube-annulus concentricity. Tests were 
made using a 27.34-centimeter- (10.77-in. ) diameter heat-sink combustor at nominally 

using a 157 element circular pattern injector. Additional oxidizer tube recess tests 
were made with a 421 element hexagonal pattern injector. Tests were conducted over 
the oxidant-fuel ratio range of 4 to 6. Stability evaluation for each configuration was  
made using the hydrogen temperature rating technique. Several element configurations 
were also cold flow tested using nitrogen and water as simulants. For these configura- 
tions, the following results were obtained: 

fect of hydrogen temperature on screech limits of hydrogen-oxygen rockets is explained 
as being due to the change in injector hydrogen flow resistance. And, further, this 
model can be used to correlate data from a range of thrust-per-element tests using 
several different types of injection elements. 

explainable through the mechanism of changes in injector hydrogen flow resistance. 
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(300-psia) chamber pressure. All of the test variables were investigated 

1. By use of the response factor model of NASA TN D-4040, the long observed ef- 

2. Similarly, changes in stability due to changes in injection velocity ratio are also 



3. As  the impingement angle of concentric tube injectors was increased from 0' 

4, The data for oxidizer tube blunt base thickness effect indicate a critical thickness 
(parallel flow) to 45O, stability was improved with no effect on performance. 

which corresponds to minimum stability but the necessary changes in the hydrogen flow 
passages may also have affected the results. 

5. Recessing of the oxidizer tubes improved stability continuously with depth until 
completely stable configurations were achieved (with elements of two different sizes). 
Efficiency also improved with recess up to approximately two oxidizer tube diameters. 

6. Progressive extension of the oxidizer tubes into the thrust chamber decreased 
stability until a discontinuity occurred. Beyond the discontinuity, operation was com- 
pletely stable but efficiency was markedly reduced. 

7. No significant effe 
stability or  performance. 

of oxidizer tube-annulus concentricity was found on either 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, 
502 -24. 
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TABLE I. - EXPERIMENTAL DATA 

Hydrogen Hydrogen Chamber Oxidant- Oxygen Hydrogen Oxygen in- 
injection injection pressure fuel weight weight jector pres- 

temperature density ratio, flow flow s u r e d r o p  
N/m2 psi 

K OR kg/m3 lb/ft3 kg/sec lb/sec kg/sec lb/sec N/m2 psi 

Configuration 

~ 

Hydrogen in- Oxygen Hydroger 
jector pres- injector injector 

sure  drop flow flow 
coeffi- coeffi- 
cient, cient, 

('d&, (',)HZ 

N/m2 psi 

52.1 
50.0 
47.9 

51.3 

53.6 
48.9 
57.1 

46.6 
47.8 
56.7 
57.3 
49.8 
55.1 
53.2 

56.6 
51.7 
52.1 
54.8 
51.9 

56.9 
54.8 
59.6 

$0.0 

3.93 
4.41 
5.49 
5.08 
4.23 

4.48 
5.31 
4.24 

4.67 
5.31 
3.85 
3.90 
4.90 
4.17 
4.54 

5.12 
4.76 
5.53 
3.90 
4.90 

4.94 
6.21 
4-13 

562 
510 
475 
476 
546 

588 
486 
642 

_ _ _  
496 
651 
677 
506 
612 
--- 

617 
600 
508 
651 
506 

714 
636 
740 

2 . 9 3 0 ~ 1 0 ~  
3.751 
4.385 
4.764 
3.576 

3 . 8 4 ~ 1 0 ~  
5.026 
3.468 

5 . 1 7 1 ~ 1 0 ~  
6.502 
4.358 
3.627 
5.226 
4.723 
5.192 

5 . 1 8 5 ~ 1 0 ~  
4.689 
6.902 
3.958 
6.888 

0. 7O3X1O5 
1.875 
1.289 

42.5 
54.4 
63.6 
69.1 
51.9 

55.7 
72.9 
50.3 

75.0 
94.3 
63.2 
52.6 
75.8 
68.5 
75.3 

75.2 
68.0 
00.1 
57.4 
99.9 

10.2 
22.2 
18.7 

0.774 
. I 8 0  
. I74  
,807 
. I 7 2  

0.779 
.781 
.794 

----- 
0.756 

.783 

.776 
;778 
,784 

----- 
0.805 

.743 

.614 

.756 
,813 

0.750 
.765 
. I72  

0.39 
.49 
.38 
.48 
.47 
.40 
.48 

2.034X106 295 4.73 22.0 
2.117 307 4.09 21.7 
2.186 317 6.69 25.7 
2.117 307 6.66 26.0 
2.172 315 4.60 22.6 
2.166 317 5.99 25.0 
2.137 310 5.35 24.1 

96.0 
97.6 
99.7 
95.4 
99.3 
98.6 
95.8 

Transition 

Stable 
Transition 

1 

locity 
efficiency, 

percent 

- 
571 
572 
573 
574 
575 

92 1 
922 
924 

906 
907 
908 
909 
910 
911 
912 

666 
889 
890 
691 
892 

876 
877 
678 

- 

- 

__ 

- 

- 

Oxidizer tube recess and extension studies - 157 element - 
8.66 
9.73 

12.1c 
11.2c 
9.33 

9.88 
11.71 
9.35 

- 

.064-cm (0.025-in. ) extension 8.01 
7.69 

10.25 
7.37 
8.01 

3.875X10' 
3.516 
3.275 
3.282- 
3.778 

0.976 
* 989 
.985 

1.032 
.952 

.635-cm (0.25-in. ) extension 9.61 
10.09 
9.41 

4.054XlO' 
3.351 
4.426 

0.888 
.E98 
.e92 

.27-cm (0.50-in. ) extension 6.25 
7.85 
6.09 
7. 69 
7.53 
6.41 
7.69 

10.3 
11.7 
8.5 
8.6 

10.8 
9.2 

10.0 

0.989 
.894 
.go1 
.E89 
.940 
.913 
.E64 

.904-cm (0.15-in. ) extension 71.1 128 
83.9 151 
73.3 132 
80.5 145 
76.7 138 

30.0 54 
30.5 54 t 32.2 58 

7.37 
6.09 
7.05 
6.41 
6.73 

60.23 
58.79 
55.43 

- 

- 

11.3 
10.5 
12.2 
8.6 

10.8 

10.9 
13.7 
9.1 

- 

- 

Unstable i i ~ T r a n r  

69.0 Stable 
85.9 
90.85 

4.254x1Of 
4.137 
3.503 
4.469 
3.489 

4. 923X10f 
4.385 
5.102 

0.998 
1.073 
.956 
.932 

1.170 

0.914 
.718 
.588 

. 18-cm (1.25-in. ) extension 



TABLE I. - Continued. EXPERIMENTAL DATA 

5 6  and extension 

Configuration 
weight 

ratio, 

studies - 157 element 

698 
699 
700 

10.07 3. 447X106 500 
12.22 2.985 433 
8.49 3.799 551 

11.01 3.103 450 
9.44 3.461 502 

9.12 4. O54X1O6 588 
12.04 4.171 605 
9.01 5.206 755 

11.09 4.426 642 
9.60 4.916 713 
8.91 5.226 758 

8.80 5. 668X106 822 
11.97 6.040 876 
8.58 6.647 964 

0.84-cm (0.33-in. ) recess 

723 

4 . 3 3 1 ~ 1 0 ~  
5.095 
3.303 
4.944 
3.765 

3. 5O3x1O5 
4.027 
3.199 
4.302 
4.371 
3.303 

6. 943X105 
7.205 
4.420 

I 

2.1O3X1O6 
2.179 
2.041 
2.103 
2.068 

1.848X106 
2.062 
1.972 
2.068 
2.041 
1.999 

1.821N106 
2.075 
1.937 

- 
10.57 
12.82 
10.25 
11.37 
11.21 

11.05 
14.90 
13.62 
13.30 
11.05 
11.85 

__ 

305 5.17 
316 3.97 
296 6.42 
305 4.53 
300 5.64 

268 5.36 
299 4.13 
286 6.11 
300 4.64 
296 5.61 
290 6.22 

264 5.33 
301 4.12 
281 6.19 

50.78 
59.11 
57.03 
- 

With concentricity washers 682 65.5 
683 64.4 
684 65.5 
685 57.8 
686 51.1 

- 
0.66 
.80 
.64  
.71  
. 70 

0.69 
.93 
.85 
.83 
.69 
.74  

3.17 
3.69 
3.56 

- 

- 

- 

118 8.01 0.50 2.055X106 298 5.01 22.5 49.6 4.49 9 ~ 6 9  3.696X106 536 5.633X105 81.7 0.755 0.804 97.4 Transitioi 
116 8.01 .50 2.020 293 5.03 22.4 49.5 4.46 9.85 3.696 536 5.295 76.8 ,753 .E24 95.9 
118 8.17 .51 2.062 299 4.97 22.7 50.0 4.56 10.65 3.834 556 5.543 80.4 .747 ,814 96.7 
104 9.29 .58 2.006 291 5.92 23.9 52.8 4.05 8.93 4.171 605 3.744 54.3 ,756 .E27 94.5 
92 11.85 .74 2.082 302 4.04 21.9 46.3 5.42 11.96 3.544 514 4.964 72.0 ,750 .850 95.1 

flow su-e drop sure  drop 

- 
23.6 
22.0 
24. 7 
22.6 
24.1 

22.2 
22.6 
24.9 
23.4 
24.4 
25.2 

- 

21.3 
22.4 
24.1 
- 

- 
52.0 
48.5 
54.5 
49.8 
53.2 

48.9 
49.8 
55.0 
51.5 
53.8 
55.5 

- 

46.9 
49.3 
53.1 - 

- 
4.57 
5.54 
3.85 
4.99 
4.28 

4.14 
5.46 
4.09 
5.03 
4.35 
4.04 

- 

3.99 
5.43 
3.89 
- 

Oxidizer tube concentricity studies - 157 element 

- 
% % e n  
injector 

flow 
coeffi- 
cient, 

(cd)oz 
percent 

~ 

0.812 
,825 
. 796 
,802 
.793 

0.800 
f849 
.745 
,800 
.754 
.? I7  

0.256 
.317 
,295 

- 

- 

__ 

95.8 
98.3 
95.6 
95.9 
94.9 

93.6 
94.6 
92.9 
94.8 
95.1 
94.0 

96.1 
96.5 
95.1 

Transitioi I 
1 

Transitioi 

Stable 



hddant- Oxygen Hydrogeen Oxygen in- 
fuel weight weight jector pres- 

ratio, flow flow sure drop 
O/F' 

kg/sec lb/sec kg/sec lb/sec N/m2 Psi 

Hydrogen in- Oxygen Hydrogen Character- Stability 
jector pres- injector injector istic ex- classifi- 
sure drop flow flow haust ye- cation 

coeffi- coeffi- locity 

('dL2 ('d), vc*' 
N/m2 Psi ,,ient, ,.ient, efficiency, 

2 percent 

11.07 
13.18 
9.19 

11.98 
9.20 

9.95 
12.48 
12.62 
8.92 

10.31 
12.12 
9.67 
8.60 
8.31 
9.74 

10.35 
13.07 
9.69 
9.31 

~ ~ 

4.192X106 608 4.399X1O5 63.8 0.763 
3.668 532 4.489 65.1 . I60  
4.868 706 3.254 41.2 .716 
4.047 581 4.323 62.7 .746 
5.502 798 2.613 37.9 .681 

___-_____ _-_ 4.578~105 66.4 _ _ _ _ _  
-__------ _- -  3.151 45.7 ----- 
_ _ _ _ _ _ _ _ _  _ _ _  3.089 44.8 _ _ _ _ _  
_ _ _ _ _ _ _ _ _  _ _ _  4.006 58.1 _ _ _ _ _  
3.337X1O6 484 6.895X1O5 100.0 0.796 
3.165 459 4.716 68.4 .769 
3.992 579 4.978 72.2 . I 5 8  
3.909 567 2.889 41.9 .765 
3.985 528 3.827 55.5 . I 6 8  
3.482 555 3.965 51.5 ,768 

3.512X106 518 4 . 1 3 7 ~ 1 0 ~  60.0 0.774 
3.413 495 3.841 55.7 . I 8 5  
4,344 630 3.399 49.3 . I70 
4.931 716 4.944 71.1 .742 

$5' impingement angle 

30' impingement angle 

15' impingement angle 

3' impingement angle 

583 
584 
585 
586 
581 

853 
856 
857 
858 

514 
515 
516 
517 
518 
519 

576 
517 
578 
582 

13.14 
18.10 
12.49 
15.70 
15.70 

10.25 
20.50 
20.83 

9.93 

9.11 
11.05 
9.13 
8.97 
8.33 
8.33 

8.01 
13.62 
1.53 
7.21 

0.82 
1.13 

. I 8  

.98 

.98 

0.64 
1.28 
1.30 

.62 

0.61 
.69 
.57 
.58 
.52 
.52 

0.50 
.85 
.41  
.45 

2.144X106 
2.130 
2.089 
2.131 
2.089 

1.972x106 
2.068 
2.096 
2.034 

2. O62X1O6 
2.124 
2.068 
1.965 
2.006 
1.999 

2.020X106 
2.151 
2.110 
- _ _  - - - - - - 

311 
309 
303 
310 
303 

286 
300 
304 
295 

299 
308 
300 
285 
291 
290 

293 
312 
306 
- - - 

TABLE I. - Continued. EXPERIMENTAL DATA 

Configuration lTestl Hydrogen I Hydrogen I Chamber 

: studies - P57 element Injection ani - 
4.83 
3. I 8  
5.88 
4.27 
5.98 

4.87 
3.94 
3.94 
5.96 

4.82 
3.86 
5.37 
6.01 
5.37 
5.03 

4.84 
3.90 
5.66 
6.02 

- 

- 

- 

- 

- 
24.2 
22.6 
24.5 
23.3 
25.0 

- 
48.9 
42.2 
49.4 
45.0 
43.9 

53.3 
40.0 
40.0 
56.1 

61.1 
53.9 
71.1 
58.3 
62.8 
60.0 

65.5 
48.3 
I O .  5 
68.3 

- 

- 

- 

- 

- 
0.195 
.i99 
.787 
.194 
.184 

- 
88 
76 
89 
81 
79 

96 
72 
72 

101 

110 
97 

128 
105 
113 
108 

118 
81 

127 

- 

- 

_I 

53.4 
49.8 
54.0 
51.3 
55.1 

5.02 

4.11 
5.43 
4. 17 

5; 98 
93. I 
93.3 
96.7 
93.9 
95.3 

22.0 
22.3 
22.5 
24.1 

22.5 
21.2 
23.5 
23.4 
22.7 
22.2 

- 

48.5 
49.2 
49.7 
53.1 

4.51 
5.66 
5.72 
4.05 

0.793 
.848 
.a59 
. I 1 2  

94.4 
91.4 
91.9 
95.6 

49.7 
46.8 
51.8 
51. I 
50. 1 
49.0 

4.68 
5.50 
4.39 
3.90 
4.22 
4.42 

0.686 
.916 
.183 
.922 
.goo 
,925 

95.1 
91.6 
98.5 
94.1 
95.6 
95.2 

22.7 
22.5 
24.9 
25.6 - 

50.0 
49.6 
54.9 
56.4 __ 

4.69 
5.93 
4.39 
4.25 - 

0.980 
.987 

1.045 
.858 - 

94.7 
94.7 
95.0 _ _ _ _  



Oxidant- Oxygen Hydrogen 
fuel weight weight 

ratio, flow flow 

Oxygen in- Hydrogen in- 
jector pres- jector pres- 

sure  drop sure  drop 

Configuration Test Hydrogen 
injection 

temperature 

Oxidizer tube base thickness studies - 157 element 

kg/sec lb/sec kg/sec 
O D  

lb/sec N/m2 psi N/m2 psi 

0.113-cm (0.06800-in.) blunt base 688 51.7 
689 43.9 
690 58.9 
691 51.1 
692 56.7 

4 . 0 4 1 ~ 1 0 ~  
3.578 
4.261 
3.689 
4.047 

586 2. 8 ~ x 1 0 ~  40.8 
519 2.661 38.6 
618 2.723 39.5 
535 3.978 57.7 
587 2.551 3 1 . 0  

43.25 2.7 2.110X106 306 4.43 23.6 52.0 
62.48 3.9 2.068 300 3.54 22.2 48.8 
5 9 . 2 7 3 . 7  2.021 294 6.11 25.2 55.5 
6 0 . 8 8 3 . 8  2.082 302 4.53 23.4 51.1 

5.32 11.73 
6.21 13.82 
4.01 8.98 
5.11 11.42 

1.813X106 

1.793 
1.179 

1.986 
263 5 . 8 3 3 ~ 1 0 ~  84.6 0.611 0.254 90.2 Stable 

260 3.978 51.7 .662 .199 90.5 
258 6.419 93.1 .619 .I97 86.9 I 288 _ _ _ _ _ _ _ _ _  _ _ _ _  .554 _ _ _ _ _  87.9 

310 
311 
303 
313 

4.51 23.2 51.1 5.01 11.18 1.462X106 212 2.82OX1O5 40.9 0.675 0.451 94.5 
5.58 24.9 54.9 4.46 9.84 1.682 244 2.351 34.1 .616 .449 94.0 
4.49 24.5 51.0 5.14 11.33 1.489 216 3.151 45.7 .661 .448 92.1 
3.90 22.2 48.9 5.68 12.52 1.311 1 9 1 2 . 7 3 0  39.6 .680 ,492 95.3 

TABLE I. - Concluded. EXPERIMENTAL DATA 

density 
locity 

efficiency, 

percent I I K  OR cient, cient, 

(cd)oz ('dk, 

I 

93 
79 

106 
92 

102 

2.089XlOf 
2.124 
1.972 
2.089 
1.999 

303 
3 08 
286 
3 03 
290 

305 
288 
314 
311 
310 

Oxic 

- 

- 

4.59 
5.44 
3.80 
4.84 
4.10 

10.13 
12.00 
8.38 

10.61 
9.04 

0.151 
.756 
.I39 
.I55 
,753 

0.964 
1.003 
.933 
.860 

1.052 

95.5 
95.5 
95.5 
96.2 
94.8 

Transition 

1 
111 
98 
84 

112 
95 
- 

4.60 
4.11 
5.42 
4.53 
4.77 

10.14 
9.07 

11.95 
9.98 

10.52 
- 

0.751 
,818 
. I14  
,697 
. ? I 6  
- 

Stable 
Transition 

1 -- 

2. 1O3X1O6 
1.986 
2.165 
2.186 
2.137 

0.960 
,893 
.921 
.e48 
.864 

97.2 
93.0 
95.4 
98.2 
97.1 - 

121 element zer tube recess  studies 

1.27-cm (0.50-in. ) recess  

Transition 

1 
0.762-em (0.30-in. ) recess  



TABLE II. - CROSS PLOT DATA 

[Oxidant-fuel ratio, 5.0; hydrogen flow rate, 4.67 kg/sec (10.3 lb/sec); oxygen flow rate ,  23.4 kg/sec (51.5 lb/sec).] 

Configuration I Hydrogen Hydrogen Character- Hydrogen in- Hydrogel 
injection injection is t ic  ex- jector pres- injector 

temperature density haust ve- sure  drop flow 

K OR kg/m3 lb/ft3 efficiency, N/m2 Psi cient, 

VC*, 

locity ' coeffi- 

(CdH 2 percent 

Oxygen in- 
jector pres- 

sure  drop 

Oxygen 
injector 

flow 
coeffi- "["I cient: 

(cd)o 

I Oxidizer tube concentricity studies - 157 element 

3.8O6X1O6 552 0.781 
.781 

Oxidizer tube 

0.064-cm (0.025-in. ) extension 61.1 110 8.95 
0.635-cm (0.25-in. ) extension 60.0 108 9.18 
1.27-cm (0.50-in. ) extension 74.4 134 6.98 
1.904-cm (0.75-in.) extension 78.9 142 6.54 
3.18-cm (1.25-in.) extension 30.5 55 58.95 
0.254-cm (0.10-in. ) recess  53.3 96 10.89 
0.508-cm (0.20-in. ) recess  48.3 87 12.82 
0.84-cm (0.33-in. ) recess  31.7 57 56.39 

Stability 
classifi- 

cation 

recess  and extension studies - 157 element 

0.559 92.5 4. 137X1O5 60.0 0.987 
.573 97.3 4.033 58.5 .893 
.436 97.1 5.295 76.8 .915 
.408 95.7 5.668 82.2 1.033 

3.68 88.8 .627 9 .1  .740 
.680 96.5 4.468 64.8 . B O 6  
,800 94.5 3.978 57.7 .788 

3.52 96.2 6.467 93.8 .289 

Transition I 
Stable 
Transition 
Transition 
Stable 

With concentricity washers 583 105 9.55 0.596 96.0 5 . 1 8 5 ~ 1 0 ~  75.2 0.824 3.93OX1O6 570 0.752 Transition 

45' impingement angle 46.1 83 14.05 0.877 94.7 3 . 6 4 0 ~ 1 0 ~  52.8 0.792 3.999X106 580 0.734 

15' impingement angle 58.3 105 9.55 .596 96.0 3.992 57.9 .916 3.861 560 .771 
0' impingement angle 62.8 113 8.68 .542 94.7 3.909 56.7 .968 3.792 550 .768 

30' impingement angle 51.1 92 11.66 .728 93.5 4.220 61.2 .818 --------- --- ----- 

aData from ref. 4, p. 13. 
bData from ref. 15. 

Transition 

0.173-cm (0.06800-in. ) blunt base 51.7 93 11.45 0.715 
0.349-cm (0.01375-in.) blunt base 53.9 97 10.68 .667 

95.3 3. O82X1O5 44.7 0.962 4. 068X106 590 0.751 Transition 
96.0 3.723 54.0 .897 4.413 640 .711 Transition 

1.27-cm (0.50-in. ) recess  30.5 55 
0.762-cm (0.30-in. ) recess  38.9 70 
0.238-cm (0.094-in. ) recessa 43.3 78 
Flushb 73.3 132 

58.95 3.68 89.5 
22.59 1.41 94.2 
16.18 1.01 99.0 
7.05 .44 97.0 



Configuration Nitrogen flow 
rate 

kg/sec Ib/sec 

3tandard, flush 

Nitrogen pres- (Cd) based on H 2 0  flow H 2 0  pressure (Cd) 
suredrop rate drop HZC flow Of 

(0.06 Ib/sec) 
N/m2 psi 27.25 g/see kg/sec lb/sec N/m2 psi 

0.254-cm (0.10-in. ) recess 

0.0202 
,0267 
.0350 
,0414 
,0357 

0,0210 
.0281 
.0328 

0.508-cm (0.20-in.) recess 

0.0446 0 .938~10~ 13.6 1.020 

1 .0589 1.565 22 .7  
,0772 2.441 35.4 
,0914 3.385 49.1 
,0188 2.606 37.8 

0.0464 0 .786~10~ 11.4 1.140 

I ,0620 1.372 19.9 
,0723 1.813 26.3 

0.84-cm (0.33-in.) recess 

0.0150 
.0246 
,0349 
.0183 
,0297 
.0298 
.0377 
.0499 

0,0199 
,0258 
.0346 
,0387 
,0297 
.OM7 

0.0196 
,0275 
.0435 
.0307 
.OW0 

0.0166 
,0210 
,0304 
. O H 8  

0.635-cm (0.25-in.) extension 

Fuel injection angle 

0.0332 0.110X105 10.3 0.9829 
.0543 1.434 20.8 
.0770 2.530 36.7 
.0404 ,896 13.0 
,0654 1.896 27.5 
.0657 1.862 27.0 
.OB31 2.717 39.4 
. l l O O  4.240 61.5 I 

0.0439 1. O69X1O5 15.5 0.9509 

I 
I 

.0569 1.641 23.8 

.0763 2.620 38.0 

.0854 3.158 45.8 
,0654 2.124 30.8 
.0412 1.096 15.9 

0.0433 1 . 2 8 9 ~ 1 0 ~  18.7 0.8680 
.0606 2.296 33.3 
.0960 4.930 71.5 
,0678 2.723 39.5 
,0860 3.696 53.6 

0.0366 1 . 8 7 5 ~ 1 0 ~  27.2 0.6167 

I ,0464 2.999 43.5 
,0670 5.075 73.6 
,0592 4.275 62.0 

Oxidizer tube base thickness 

3tandard 0' impingement angl 

Standard thickness 

Blunt base 

Thin base 

15' impingement angle 

0.0208 0.0458 0 .951~10~ 13.8 
,0327 ,0713 1.999 29.0 
.0423 .0933 3.227 46.8 
,0269 ,0593 1.510 21.9 

0.0195 0.0430 O.827X1O5 12.0 
,0301 .0663 1.765 25.6 
.0428 ,0944 3.047 44.2 
,0236 .0521 1.165 16.9 
,0366 .OS07 2.406 34.9 

0.0146 0.0321 0.552X10' 8.0 
,0288 ,0636 1.655 24.0 
,0388 ,0856 2.710 39.3 
,0361 ,0795 2.434 35.3 
.0317 .0700 1.944 28.2  

30' impingement angle 

45' impingement angle 

Recess and extension 

0-925 
33.6 
65.0 

1.05 I 
1.05 I 

J 
1.05 

1.1089 0.24 2.199X106 319 0.845 

~ 

3.1089 0.24 1.965X106 285 0.894 

1 1 1 1  i 1 1 1 1  

0.1089 

1 
'io45 

3.0998 

1 
0.1043 

1 - 
0.1043 

- 
0.24 

I 
1 
1 

.23 

b. - 
0.22 

0.23 

0.23 'I 
0.850I 

1 

1 
,8216 

6 - 
0.7915 

0.8282 1 
0.8281 

1 - 

24 



TABLE IV. - RESPONSE FACTOR INPUTS 

6 2  [Time delay constant for burning, 7, 0.00008 sec; A T ,  0.00001 sec; oxidant-fuel ratio, 5.0; chamber pressure, 2.06X10 N/m (300 psi); propel- 
lant flow rate, 29.48 kg/sec (65.0 lb/sec); y = C /C = 1.2; hydrogen density, 3.2 to  64.1 kg/m3 (0.2 to 4.0 lb/ft3).] 

P V  

3atio of hydrogen 
annulus length to  
cross-sectional 

area, 
L/A 

Configuration Screech fre- 

quency, 
f ,  

Hz 

Standard 0' impingement angle 
15' impingement angle 
30' impingement angle 
45' impingement angle 
Thin base 
Blunt base 
0. 064-cm (0,025-in. ) extensioi 
0.254-cm (0.10-in. ) recess  
0.508-cm (0.20-in. ) recess  
0.84-em (0.33-in. ) recess" 
Flush 
D. 238-cm (0.094-in. ) recess  
0. 762-cm (0.30-in. ) recess  
1.27-cm (0.50-in. ) recess" 

18.000 
17.032 
15.206 
14.729 
16.677 
17.890 
18.355 
15.006 
14.652 
5.374 

26.393 
16.110 
13.703 

6.432 

%table. 

2.790 1376.5 
2.640 
2.357 
2.283 
2.585 
2.773 
2.845 
2.326 
2.271 

.833 
4.091 7 
2.497 
2.124 

.997 

3ydrogen annulus 
entrance area, 

3.1090 
.0960 
. lo18 
.1124 
. lo90  
.lo90 
. 1873 
.1526 
.1179 
.0728 
.0693 
.0477 
.0693 
.0693 

2 cm 

78.90 3284 

I 
3333 
3310 
3300 
3300 
3323 
3333 
3 400 
3383 
3277 
3150 

2 in. 

4.617 
4.840 
4.617 
4.617 

12.23 
.916 
.818 
.792 
.897 
.962 
.987 
.806 
.788 
.289 
.886 
.516 
.460 
.216 

volume, 

- 
3 in. 

l / cm 

0.0429 
.Os78 
.0401 
.0443 
.0429 
.0429 
.0737 
.060l 
.0464 
.0287 
.0273 
.0188 
.0273 
,0273 

I 1/in. 

2 cm 

18 94 

29.787 
31.226 
29.787 
29.787 

1 2.882 0.968 



~ Thrust stand, 

Figure 1. - Engine mounted on thrust  stand. 
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Figure 2 - Rocket engine. 
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m157 Element. 

(b) 421 Element. 

Figure 3. - Injector faceplate view. 

28 



2 .  2 1  
A1 total hydrogen approach area, cm (In. 1 
AH* total hydrogen inject ion area, cm2 (inz) 

R recess 
TH faceplate thickness 
wH2 hydrogen flow 

0.5169 (0.2035) 1, 

angle (Oo, 15O, Mo, 45') 

impingement angle tests. 
(a) Inject ion element for 157 element 

N 
W 

r O .  5169 
/ (0.20351 / (typical) 

1 
02 / ,-0.953 

0.0349 dk 0.08700 4 I- 0.U3 
(0.01375) (0.03425) (0.06800) 

Large base thickness Standard base thickness Small base thickness 

inject ion area, 18.594 square centimeters (2.882 in?). 
(b) Injector elements used for 157 element oxidizer tube base thickness tests. Total hydrogen 

4 0.437 k 
(0.172) 

Flush1 0.238-cm (0.094-in.)lrecess 
R = 0.762 and 1.27 cm (0.30 and 0.50 in. 1 AH2 

0.157 (0.06 

A = 78 .90 (12. 

= 18.594 (2.882 

U 
2 032 cm (0.8 in. ) for  R = 0.762 cm (0.30 in. ) 

2 5 4 c m  (1.0 in.) for R = 1.27 cm (0.50 in.) 
R = 0.254, 0.508, and 0.84 cm 

(0.10, 020, and (033 in.) 
(d) Inject ion element for 157 element oxidizer tube 

TH = {  
ic)  Injector elements for 421 element oxidizer tube recess tests (15Otubes). recess and extension tests (straight tubes). 

Figure 4, - Details of injector elements. (Dimensions in cm (in.) unless indicated otherwise). 



Cantilevered Wi th  concentr ic i ty washer 
(e) Element details used to examine effects of concentricity. 

(f) Closeup view of 157 element in jector wi thout concentr ic i ty washers. 
Figure 4. - Concluded. 
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L T7 
\-- 

P I  

P2 

P3 

P4 

P5 

P6 

P7 

P8 

P9 

PI0 

P I 1  

PI2 

P13 

Static chamber pressure ( injector face), four- 

Static chamber pressure (injector face), four-  

Dynamic chamber pressure, water-cooled quartz 

Dynamic chamber pressure, water-cooled quartz 

Dynamic chamber pressure, water-cooled quartz 

Gaseous hydrogen ori f ice differential pressure, 

Gaseous hydrogen ori f ice pressure, four-arm 

Liquid hydrogen ven tu r i  differential pressure, 

Liquid hydrogen ventur i  pressure, four-arm 

Hydrogen mixer pressure, four-arm st ra in-  

Liquid hydrogen l i n e  pressure, four-arm 

Hydrogen inject ion differential pressure, 

Hydrogen inject ion pressure, four-arm strain- 

arm strain-gage transducer 1 

arm strain-gage transducer 2 

pressure transducer 3 

pressure transducer 4 

pressure transducer 5 

four-arm strain-gage transducer 

strain-gage transducer 

fou r-arm strain-gage transducer 

strain-gage transducer 

gage transducer 

s t ra in  gage transducer 

four-arm strain-gage transducer 

gage transducer 

P I 4  

P I5  

T1 

T2 

T3 

T4 

T5 

T6 

T7 

T8 

T9 

r10 

Engine u 
Oxygen inject ion differential pressure, four-  

Oxygen inject ion pressure, four-arm strain- 

Hydrogen injector temperature, carbon resistor 

Hydrogen injector temperature, carbon resistor 

Hydrogen injector temperature, carbon resistor 

Hydrcgen injector temperature, carbon resistor 

Hydrogen mixer temperature, carbon resistor 

Liquid hydrogen l ine temperature, carbon 

Liquid hydrogen ventur i  temperature, plat inum 

Oxygen inject ion temperature, copper-constantan 

Oxygen flowmeter temerature,  plat inum 

Gaseous hydrogen ori f ice temperature, i r on -  

a rm strain-gage transducer 

gage transducer 

sensor probe 1 

sensor probe 2 

sensor probe 3 

sensor probe 4 

sensor probe 

resistor sensor probe 

resistance thermometer 

thermocouple 

resistance thermometer 

constantan thermocouple 

Figure 5. - Inst rumentat ion diagram. (Dimensions in cm (in.) unless indicated otherwise.) 

31 



8 0 L  45 

1.0 

Hydrogen --a- - 
4 Oxygen 
Half-f i l led symbols denote 

t rans i t ion  to instabil ity 

(a) Effect of impingement angle o n  stability with 157 element 
injector. 

.6 
(b l  Effect of impingement angle o n  in jector flow coefficients wi th  

157 element injector. 
1.0 - 

0" 

.9 

.a 

.7  

.6  

.5 

- VI c c 
W 
V 

W 

.- 
- .- 

c - 
8 
3 - 
0 - 
L 

L 0 

V W 

c 

- - 
.- - 

(c l  Cold flow tests - effect of impingement a n  le on injector flow 
coefficients. Chamber pressure, 13.79~10 N/m2 (200 psia). 2 

Impingement angle, deg 

(dl  Effect of impingement angle o n  performance wi th  157 element 

Figure 6. - Effect of impingement angle o n  stability l imits, injector flow coefficients, 

injector. 

and performance wi th  157 element injector oxidant-fuel ratio, 5.0. 

65 120 r 

80 L 45 

--0- - Hydrogen 
4- Oxygen 
Half-filled symbols denote transit ion 

- to instabil ity 

(a) Effect of oxidizer tube base thickness on stabil ity 
wi th  157 element injector. 

-43 ,#'w-'-------- 
we.-- 

- 

(b) Effect of oxidizer tube base thickness on in jector 
flow coefficient with 157 element injector. 

Oxidizer tube base thickness, cm 

0 .02 .04 .06 * 08 
Oxidizer tube base thickness, in. 

(c) Effect of oxidizer tube base thickness o n  perform- 
ance wi th  157 element injector. 

Figure 7. - Effect of oxidizer tube base thickness on stability 
l imits, injector flow coefficients, and performance with 
157 element injector. Oxidant-fuel ratio, 5.0. 



r Y  
0 

I 

E 
3 c m 
L a, 

F 
a, ..-. 

n 

140 

80 

80 

70 -D- Oxygen 

60 

50 

40 

--G- Hydrogen 

Half-fil led symbols denote t rans i t ion 

Open symbols denote stable points 

VU 

VI .8 c c 

. 6  

. 4  

.2  

a, 
V 

3 

a, 0 U 

0 

.- 

.- 
c L 

- 
L 

L 0 
" 
a, 

..-. 

.- c 
- - 

0 

(b) Effect of oxidizer tube recess o n  injector flow coefficients wi th  421 element 
injector. 

* 

Oxidizer tube recess, cm 

I ~- - 
0 .1 .2 . 3  . 4  .5 

Oxidizer tube recess, in. 

(c) Effect of oxidizer tube recess o n  performance with 421 element injector. 

Figure 8. - Effects of oxidizer tube recess on stability limits, injector flow coefficients, 
and performance wi th  421 element injector, Oxidant-fuel ratio, 5.0. 
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-a-- Hydrogen 

Half-fil led symbols denote t rans i t ion 

ODen symbols denote stable Points 

Oxygen 

to instabi l i ty 

V 
V 

(b) Effect of oxidizer tube recess and extension on injector flow 
coefficients wi th  157 element injector. 

(c) Cold flow tests - effect of oxidizer tube recess and extension 
on i jector flow coefficients. Chamber pressure, 13. 79x106 
N/m 9 (200 psia). 

I Half-fil led symbols denote t rans i t ion to instabilitv 
Open symbds denote stable points 

34 



o Random concentricity 
0 With concentricity assurance washers 

Half-filled symbols denote t rans i t ion  to instabil ity 
Open symbols denote stable points 140 

0 6 75 

c 
V W :z 100 
8 
W m 
e 
-0 x I 

80 

- 
5 55 a, K 

- 

50 0 
(a) Effect of oxidizer tube concentricity o n  stability I 

with 157 element injector. 

(b) Effect of oxidizer tube concentricity on hydrogen 
in jector flow coefficients wi th  157 element injector. 

c .I 
&.9 - e e q  

90 
3.0 4.0 5.0 6.0 7.0 

Oxidant - fuel ratio, O/F 
0 s  

(c) Effect of oxidizer tube concentricity o n  performance 

Figure 10. - Effect of oxidizer tube concentricity o n  stability l imits, 

wi th  157 element injector. 

in jector flow coefficients, and performance with 157 element 
injector. Oxidant-fuel ratio, 5.0. 

Element 

1 5 0 r  E izl 
Half-filled symbols denote transit ion to instabil ity 
Open symbols denote stable points 

c 
Unstable - E 0 -.lr Stable 

8 

Stable 

Fuel in ject ion pressure drop, N/mz 

0 20 40 60 80 100 
Fuel injection pressure drop, psi 

Figure 11. - Fuel in ject ion differential pressure as a correlating 
para meter. 

w 
en 



w 
B, 

Effective area, Aeff, Impingement angle, 
cm2 (in.2) deg 

-0- 18.000 (2.790) 0 
--a-- 17.032 (2.640) 15 
-n-- 15.206 (2.357) 30 
-0- 14.729 (2.283) 45 

1 Half-fil led symbols denote transit ion to instabi l i ty 

N 
I z 
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Figure 12. - 157 Element impingement angle response 
factor. Time, 0.00008 second; o idant-fuel ratio, 
5.0; chamber pressure, 2.06~10 Nlm2 1300 psi); 
propellant flow rate, 29.48 kilograms per second 
(65.0 Iblsec). 
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Figure 13. - 157 Element recess response factor. Time, 0.00008 
second; oxidant-fuel ratio, 5.0; chamber pressure, 2 . 0 6 ~ 1 0 ~  
N/m2 (300 psi); propellant flow rate, 29.48 kilograms per sec- 
ond (65.0 Iblsec). 
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Figure 14. - 157 Element base thickness response factor. 
Time, O.OOOO8 seco d; o idant-fuel ratio, 5.0: chamber 

rate, 29.48 kilograms per second (65.0 Ib/sec). 
pressure, 2.06~10 6 h  Nlm (300 psi); propellant flow 
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Figure 15. - 421 Element recess response factor. Time, 
O.Oooo8 second; ox’dant-fuel ratio, 5.0; chamber 

rate, 29.48 kilograms per second (65.0 Iblsec). 
pressure, 2.06~10 b ~ / m 2  (300 psi); propellant flow 
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Figure 16. - Correlation of element detail data with hydro- 
gen response factor. 
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